Objective: This study aimed to identify possible risk factors for external apical root resorption (EARR) in the maxillary incisors after orthodontic treatment. Methods: The root length of 2,173 maxillary incisors was measured on periapical radiographs of 564 patients who received orthodontic treatment. The Kappa test was performed to evaluate intraexaminer and interexaminer reproducibility. Multiple binary logistic regression was used to determine the association between EARR and various factors. Odds ratios and 95% confidence intervals were reported. Results: The risk of developing EARR was 70% higher in orthodontic treatment with maxillary premolar extraction (p = 0.004), 58% higher in patients with increased overjet (p = 0.012), 41% lower in two-phase orthodontic treatment (p = 0.037), and 33% lower in patients with deep bite (p = 0.039). The lateral incisors were 54% more likely to develop EARR (p < 0.001), dilacerated roots were 2.26 times more likely to develop EARR (p < 0.001), and for each additional millimeter of root length, the risk of EARR increased by 29% (p < 0.001). Conclusions: The potential risk factors for EARR after orthodontic treatment included treatment with maxillary premolar extraction, increased overjet at the beginning of treatment, and dilacerated roots. [Korean J Orthod 2019;49(5):310-318]
INTRODUCTION
External apical root resorption (EARR) has been associated with orthodontic treatment. [1] [2] [3] Its etiology is multifactorial, 1, 2, [4] [5] [6] [7] and some of the possible orthodontic risk factors evaluated are treatment duration, orthodontic forces, extraction treatment, two-phase versus onephase treatment, maxillary expansion, use of elastics, and bracket prescription. Some malocclusion characteristics were also studied, such as the Angle classification and the severity of overjet and overbite. Many studies have agreed that maxillary incisors are the most frequently resorbed teeth, [8] [9] [10] and teeth with root shapes other than rhomboid are more affected by EARR. 8, 11 Extraction treatment is considered a risk factor for EARR, but the findings of studies on this association have been very controversial. 9, 10, [12] [13] [14] [15] Differences in the evaluated teeth showing EARR, different extraction patterns, distinct mechanics, and applied forces for space closure may justify this divergence. However, according to Brin et al., 16 two-phase treatment reduces the risk of EARR at the end of orthodontic treatment, since the early modification of growth in patients with Angle Class II malocclusions reduces the severity of overjet, which has been described as a risk factor for EARR. In addition, a pause in the treatment of these patients may contribute to this result, since the disruption of dental movement may favor the cement healing process of the teeth that have developed EARR. 17 Among the malocclusion characteristics, increased overjet has been associated with EARR, since this malocclusion presumes a greater root displacement of the maxillary incisors during treatment and has been related to the use of rectangular orthodontic arch wires with active torque. A history of dental trauma has also been described as a risk factor for EARR. 18 Similarly, deep bite is associated with the development of EARR in patients treated with incisor intrusion. 4, 19 Although many studies have evaluated the association between these variables and the occurrence of EARR, little consensus exists about the influence of factors such as root morphology, adjunctive treatments, and malocclusion traits on EARR. Differences in methodology and small sample sizes may explain this divergence, given that the division into subgroups is limited. Therefore, the interpretation of results is subject to criticism. 7, 8, 12, 20 Another issue that may explain the difference in results is the sample origin. Sameshima and Sinclair 8 found differences in the degree of EARR among patients with different backgrounds. They suggested that differences in the dental development process might exist because of the differences in tooth size and shape.
Considering the inconclusive literature on the possible risk factors associated with EARR after orthodontic treatment and the scarcity of research evaluating representative samples, the current study aimed to identify the possible risk factors for EARR in the maxillary incisors after orthodontic treatment.
MATERIALS AND METHODS
This multicenter retrospective study was approved by the Research Ethics Committee of the State University of Rio de Janeiro (UERJ) (approval no. 1.605.015). The sample was selected from three institutions: UERJ, Pontifical Catholic University of Minas Gerais, and Federal University of Minas Gerais, where patients received orthodontic treatment between 1980 and 2016. The maxillary central and lateral incisors were evaluated because of their higher susceptibility to root resorption as reported in the literature. [8] [9] [10] Patients were included if they had diagnostically acceptable pretreatment and posttreatment records, including initial and final periapical radiographs of the maxillary incisors acquired no more than 6 months after the end of active orthodontic treatment. The exclusion criteria were incomplete root formation, dental trauma history, endodontic treatment, presence of restoration at the incisal edge, previous or incomplete orthodontic treatment, and systemic disorders or syndromes.
In total, 2,670 orthodontic records were selected for this study. After applying the inclusion and exclusion criteria, the final sample consisted of 564 patients. Eighty-three incisors were not evaluated because of endodontic treatment (n = 29), incisal edge restorations (n = 11), extraction (n = 10), orthodontic traction (n = 13) during treatment, and missing incisor at the beginning of treatment (n = 20). Hence, the final sample consisted of 2,173 maxillary incisors.
Evaluated factors
Two examiners (LQPF and NCF) were previously calibrated for record evaluation and radiographic measurements. The variables evaluated were sex, ethnicity, age, Angle malocclusion classification, overjet, overbite, skeletal pattern, treatment time, location of treatment, treatment with or without extraction of the maxillary premolar, one-or two-phase treatment, maxillary expansion, bracket prescription, orthognathic surgery, intermaxillary elastics, and root length and shape. All patients received corrective treatment using 0.022-inch bracket slots. The classification used for evaluating the root shape is shown in Figure 1 .
Measurement of external apical root resorption
All periapical radiographs were digitalized using a scanner with 300-dpi resolution and 256 levels of gray (Scanjet 4890; Hewlett-Packard, Palo Alto, CA, USA) and https://doi.org/10.4041/kjod.2019.49.5.310 imported via the ImageJ software (National Institutes of Health, Bethesda, MD, USA) to better visualize and perform digital measurements of the incisors. The length of the radiographic film (40 mm) was used as reference to calibrate the image size. At measurement, both the examiners were double-blinded to the treatment time (initial or final) and patient. The points used for measurements are shown in Figure 2 .
EARR was calculated according to the formula described by Linge and Linge, 20 i.e., R1−R2 [C1/C2], with R1 being the root length before treatment; R2, the root length after treatment; C1, the crown length before treatment; and C2, the crown length after treatment. The crown length (C1 and C2) was defined as the distance from the central point of the cementoenamel junction (point C) to the central point of the incisal edge (point IE). For rhomboid, triangular, and pipette roots, the root length (R1 and R2) was defined as the distance from point C to the root apex (point RA). For dilacerated roots, two distances were added to define the root length: the distance from point C to the point of intersection between the long axis of the tooth, from C, and the long axis of the dilacerated root portion, from point RA (point I), and the distance from point I to point RA. The correction factor C1/C2 was applied, assuming the crown length to remain unchanged during the observation period. Incisors with EARR ≥ 2 mm were considered affected.
Statistical analysis
All statistical tests were performed using IBM SPSS Statistics for Windows, version 21.0 (IBM Corp., Armonk, NY, USA). Charts and tables were generated using Microsoft Excel ® 2007 (Microsoft Corporation, Redmond, WA, USA). Descriptive analyses yielded the frequency of categorical variables and the mean with standard deviation of continuous variables.
A total of 120 teeth were randomly selected to be evaluated two times for EARR, by both examiners, with a 15-day interval between the evaluations. To evaluate intraexaminer and interexaminer reproducibility, the Kappa test was applied, and the agreement percentage was calculated.
The relationship between the variables was also analyzed. The occurrence of EARR was evaluated using multiple binary logistic regression modeling to estimate the odds ratios (ORs), in association with the generalized estimation equation to consider more than one tooth per patient. Initially, a univariate regression model was used and adjusted for all variables to eliminate possible confounding factors. The final regression model was adjusted only for the variables that showed a significant OR in the two previous steps, considering a significance level of 5%. In the final model, the 95% confidence interval for OR values was estimated.
RESULTS
The descriptive analyses of the sample are shown in Tables 1 and 2. The sample included 1,080 central incisors and 1,093 lateral incisors. In total, 810 teeth (37.3%) were affected by EARR ≥ 2 mm, and the lateral incisors were the most affected ( Figure 3 ). Out of 1,434 rhomboid, 388 triangular, 110 pipette, and 241 dilacerated roots, the dilacerated ones were the most affected by EARR ( Figure 4) . Table 3 shows the Kappa test results, according to the classification suggested by Landis and Koch. 21 Among the clinical characteristics, the final multivariate regression model showed that patients with increased overjet had a 58% greater chance of developing EARR during orthodontic treatment than did patients with normal overjet (p = 0.012), and patients with deep bite were 33% less likely to have EARR than were patients with normal overbite (p = 0.039). Among the variables related to orthodontic treatment, extraction of the maxillary premolars increased the chance of EARR by 70% (p = 0.004). However, patients who underwent two-phase treatment had a 41% lower chance of developing EARR than did patients who underwent singlephase treatment (p = 0.037). The maxillary lateral inci-sors were 54% more likely to be affected by EARR than were the central incisors (p < 0.001). As for root shape, the incisors with dilacerated roots had a 2.26 times greater chance of developing EARR during orthodontic treatment (p < 0.001), and the risk of EARR increased by 29% for each additional millimeter of root length (p < 0.001). The other variables evaluated in this study did not present statistically significant ORs (Table 4 ).
DISCUSSION
The aim of this investigation was to identify possible risk factors for the incidence of EARR in the maxillary incisors after orthodontic treatment. Hence, we used periapical radiographs, which are more reliable in estimating EARR than are panoramic films. 22 Cone-beam computed tomography (CBCT) studies could be considered more accurate. However, this examination is not part of the routinely requested orthodontic documenta- tion, and the cost and radiation exposure are greater in CBCT than in conventional two-dimensional examinations. The method proposed by Linge and Linge 20 was reported as the most accurate one for evaluating EARR in periapical radiographs, 23 thus supporting its use in this study. Moreover, the cutoff point of 2 mm to determine EARR was methodologically chosen to prevent potential overestimation of the occurrence of EARR because of the limitations of radiographic imaging. 24 On the basis of the literature, our study evaluated the variables related to EARR in patients receiving orthodontic treatment. According to the descriptive analysis of the sample, we observed that some variables presented a great discrepancy in the number of participants in each group; therefore, these variables (indigenous ethnicity, Angle Class II Division 2 and Class III, negative overjet, Class III skeletal pattern, maxillary expansion, and orthognathic surgery) should be evaluated with caution.
The following nine variables were evaluated in the final regression model: overjet, overbite, maxillary premolar extraction, two-phase treatment, location and time of treatment, central and lateral incisors, and root length and shape. A greater chance of EARR is observed in patients with increased overjet, thus corroborating the findings of other studies. 8, 10, 16, 25 This malocclusion presumes a greater root displacement of the maxillary incisors during treatment, which explains why it is a high-risk factor for EARR. Regarding overbite, patients with deep bite present a less chance of EARR. Although some studies have already associated the development of EARR with incisor intrusion during the correction of deep bite, 4, 19 differences in the mechanics used to correct this malocclusion, which are associated with the force magnitude implemented and the required treatment time, can promote different degrees of EARR in these patients.
Our findings show that treatment with maxillary premolar extraction is the greatest risk factor for the occurrence of EARR, which is a controversial conclusion in the literature. 9, 10, [12] [13] [14] [15] Differences in evaluated teeth showing EARR, extraction patterns, and the mechanics and forces applied for space closure may justify this divergence. According to Artun et al., 25 treatment with extractions is a factor that represents a greater amount of orthodontic movement; therefore, it is a risk factor for EARR. Nevertheless, in cases of severe crowding, a large retraction of the anterior teeth does not always occur; hence, this could be another possible confounding factor in the studies that evaluated the relationship between orthodontic treatment with extractions and EARR.
The lowest susceptibility to EARR is observed in patients treated in two phases, and this finding corroborates with those of Brin et al. 16 The reduction of the initially increased overjet in these patients and the interval between the two phases of treatment, which favors the cement healing process of the teeth that have developed EARR, can justify this finding. 16, 17 The location of treatment is not a statistically significant risk factor for EARR, as reported by Artun et al. 25 All three educational institutions involved in this study have similar orthodontic philosophies, which may explain this finding. Despite the long mean treatment time of this study, it does not present a statistically significant OR in the final regression model. This finding is not in agreement with those of previous studies reporting that prolonged treatment time is a risk factor for EARR. 10, 12, [14] [15] [16] 26 Considering that this sample comprised patients treated at educational institutions, the recess during the academic calendar could increase the total treatment time; however, this does not necessarily mean that the patients were undergoing active orthodontic treatment the entire time. Moreover, these interruptions of some weeks in active treatment could favor the cement healing process. According to Mehta et al., 17 60% of the teeth retained for 6 weeks as a rest period showed anatomical repair, and the remaining 40% showed functional repair. A systematic review also concluded that a pause in orthodontic treatment for patients experiencing root resorption can reduce the severity of this condition. 27 The lateral incisors are more affected by EARR than are the central incisors, as shown in previous studies. 8, 9 In general, these teeth are exposed to greater root displacement during correction and improvement of malocclusion, function, and smile aesthetics. In addition, root morphology tends to transfer the forces mainly to the root apex, thus promoting EARR in these teeth. 5 We observed that longer roots are more likely to develop EARR, thereby confirming the findings of other studies, 13, 25 which reported that the greater the distance from the root apex to the point of orthodontic force application, the greater the tipping displacement. The incisors with root shapes other than rhomboid are more affected by EARR, especially the dilacerated roots, as reported by other studies. 8, 11 Although there is no direct proof, studies have suggested that the deviation in development that caused the abnormal shape may be associated with increased susceptibility to EARR in this region. 8 The present study evaluated 564 patients who received orthodontic treatment at three institutions, and evaluated 19 risk factors for EARR after orthodontic treatment quantified in a total of 2,173 incisors. Many studies with a limited number of participants are found in the literature. 7 However, since sample size may influence the results, one of the advantages of the present study is its larger sample size. The retrospective design and use of radiographs can also be cited as limitations of this work. In addition, it is important to consider that the inherent https://doi.org/10.4041/kjod.2019.49.5.310 characteristics of each study population may interfere with the EARR process, since differences in the frequency of EARR as well as in the risk factors associated with EARR among populations have already been described in the literature. 8 Recent studies also reported a genetic predisposition that may explain why one patient is more likely to develop EARR during orthodontic treatment than does another 28, 29 ; therefore, individual variability should also be considered, even though it has not been evaluated in the present study.
CONCLUSION
On the basis of the current results, we can conclude that the risk of developing EARR ≥ 2 mm in the maxillary incisors is 70% higher in patients treated with maxillary premolar extraction; 58% higher in patients with increased overjet at the beginning of treatment; 41% lower in patients treated in two phases; and greater in the lateral incisors, dilacerated roots, and longer roots.
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